MicroRNAs (miRNAs) are small ∼22-nucleotide (nt) noncoding RNAs (Lagos-Quintana et al. 2001; Lau et al. 2001; Lee and Ambros 2001) derived from large primary miRNAs (pri-miRNA), which are processed to ∼70-nt precursors (pre-miRNA) and subsequently to the mature form by endonucleases (Lee et al. 2002; Bartel 2004; Cullen 2004; He and Hannon 2004) . miRNAs have been discovered in multiple organisms, and many are evolutionarily conserved (Bartel 2004) . They regulate various developmental and physiological processes, (Plasterk 2006; Shivdasani 2006) and are implicated in human diseases (Calin and Croce 2006) . Examination of miRNA expression patterns revealed that miRNA expression states exhibit spatiotemporal differences (Pasquinelli et al. 2005; Landgraf et al. 2007 ). These findings highlight the need for a detailed understanding of the mechanisms governing miRNA expression. Evidence exists for important post-transcriptional regulation of miRNA expression, yet a primary level of control is thought to be transcriptional (Cullen 2004) . Therefore, identification of genetic and epigenetic elements responsible for transcriptional regulation of miRNA transcription may aid in an understanding of pathways governing miRNA biology.
Because of the labile nature of pri-miRNAs due to their rapid processing, traditional global transcription start site (TSS) mapping strategies relying on RNA analyses are challenging, and, therefore, only a handful of miRNA TSSs have been identified to date (Lee et al. 2002; Bracht et al. 2004; Cai et al. 2004; Houbaviy et al. 2005) . These studies indicate that RNA polymerase II (RNAPII) is responsible for miRNA transcription, although an miRNA cluster has recently been shown to be RNA polymerase III (RNAPIII)-transcribed (Borchert et al. 2006) . Although RNAPIII function is not as well understood as RNAPII, it is known that the same promoter elements can be used by both polymerases in humans, such as the promoters of globin genes (Carlson and Ross 1983) and c-myc (Chung et al. 1987) , and transcription factors (TFs) can also regulate RNAPIII activity (Schramm and Hernandez 2002; Felton-Edkins et al.Johnson et al. 2007) . It therefore seems plausible that miRNA genes might employ distinct transcriptional machineries for their synthesis, and it is necessary to define the roles of both RNAPs in miRNA transcription in detail.
Recent studies have identified chromatin signatures that can be used for promoter identification in human cells (Guenther et al. 2007; Heintzman et al. 2007; Landgraf et al. 2007; Ozsolak et al. 2007 ). Several histone modifications, mainly trimethylation of Lys 4 of histone 3 (H3K4me3) and acetylation of Lys 9/14 of histone 3 (H3K9/14Ac), have been established as markers for transcriptionally active promoters (Jenuwein and Allis 2001; Santos-Rosa et al. 2002; Turner 2002; Schneider et al. 2004; Bernstein et al. 2005; Pokholok et al. 2005; Guenther et al. 2007; Li et al. 2007 ). Heintzman et al. (2007) found distinct histone modification patterns for promoters and enhancers, and demonstrated the feasibility of using them to discover novel regulatory elements with chromatin immunoprecipitation (ChIP)-chip screens to 1-to 2-kb resolution. Furthermore, transcriptionally active genes exhibit nucleosome depletion in the 100-to 130-base-pair (bp) window surrounding their TSS (Mito et al. 2005; Yuan et al. 2005; Ozsolak et al. 2007 ). We therefore hypothesized that a strategy combining nucleosome positioning patterns with ChIP-chip screens for promoter signatures may identify the transcription initiation regions and upstream regulatory regions of transcriptionally active pri-miRNAs in a high resolution, high-throughput manner. Since a significant fraction of functionally relevant TFs bind in proximity to the TSSs, generally in nucleosome-free regions (Yuan et al. 2005; Ozsolak et al. 2007) , the locations of internucleosomal miRNA promoter elements may then be used to rapidly identify functional elements regulating miRNA transcription.
We report here the application of this strategy to three human cancer cell lines, permitting the identification of transcription initiation regions of 175 miRNAs. A short (∼70-bp) nucleosome-depleted region is observed at the core promoter/initiation region, and approximately onethird of the intronic miRNAs were seen to contain transcription initiation sites independent from their host gene's. We use this information to identify TFs regulating the miRNAs, and focus on those that are regulated by the melanoma TF and oncogene MITF, within the melanocyte lineage. We show that these MITF-binding sites are evolutionarily conserved, and study the evolution of miRNA transcription through comparative genomics. In addition, we define subsets of miRNAs transcribed by RNAPII and/or RNAPIII, and identify distinct chromatin organization patterns surrounding miRNA "coding" regions and 3Ј ends of known genes.
Results

High-throughput identification of miRNA promoters
To annotate human pri-miRNAs, we performed nucleosome positioning analyses (Yuan et al. 2005; Ozsolak et al. 2007 ) and ChIP-chip (Ren et al. 2000; Kim and Ren 2006) screens for H3K4me3, H3K9/14Ac, RNAPII, and RNAPIII in the 20-kb regions upstream of and 1 kb downstream from all miRNAs in two melanoma (UACC62 and MALME) lines and one breast cancer (MCF7) line. Using a scoring function that combined salient features of promoters including nucleosome-depleted regions, high evolutionary conservation, CpG islands, and TF motif occurrence within regions containing H3K4me3, H3K9/14Ac, RNAPII, and/or RNAPIII (described in detail in the Supplemental Material), we determined the transcription initiation regions of 175 miRNAs that are expressed within these cell lines. We demonstrated the power and resolution of this approach by applying it to human genes with available nucleosome positioning data (Ozsolak et al. 2007 ). The algorithm correctly predicted the transcription initiation regions to a resolution of 150 bp with 81% sensitivity and 95% specificity (Supplemental Material). Furthermore, 75% of our predicted miRNA transcription initiation regions had experimentally observed EST TSSs (University of California at Santa Cruz [UCSC]) or 5Ј ends of cDNAs (Kodzius et al. 2006 ) within 150 bp, supporting the transcriptional initiation capabilities of the identified regions, although additional ESTs or 5Ј ends within the upstream 20-kb regions would have precluded identification of start sites purely through use of EST/cDNA datasets.
Among the 175 miRNAs with discovered transcription initiation regions, 87 were intergenic with novel promoters. Eighty-eight miRNA genes were intronic, with 32 containing clearly identifiable promoters distinct from their host's. We observed poor expression correlations between these 32 intronic miRNAs and their host's mRNAs (Supplemental Table S1 ). Similar correlation analyses were previously carried out for 12 of these, with a similar lack of correlation observed in nine of the 12 (Baskerville and Bartel 2005; Liang et al. 2007 ), suggesting that these miRNAs can be encoded by both the host and their own distinct transcripts. Correlation coefficients were higher for the 56 intronic miRNAs lacking independent TSSs by our data, although it remains possible that novel TSSs may still exist but could not be detected if located beyond the 20-kb distance examined or their relatively low or absent transcriptional activity in the three cell lines studied.
Some miRNAs are organized in clusters (Ambros 2004). We found either one or no promoter upstream of miRNA clusters, suggesting either shared TSS/promoter structure or the presence of additional promoters not identified by our analysis. In agreement with Baskerville and Bartel (2005) as well as Liang et al. (2007) , we observed that the expression of miRNAs within clusters are correlated with each other (Supplemental Material). Furthermore, polycistronic transcripts for several miRNA clusters are known to exist (Lee et al. 2002; Aravin et al. 2003) . These observations support the possibility that miRNAs in clusters can be encoded by a common primiRNA (Baskerville and Bartel 2005; Liang et al. 2007 ).
Characterization of miRNA core promoters
The transcription initiation site distance to the miRNA coding region is variable, ranging from a few hundred bases to 20 kb upstream (Fig. 1A) or longer (Chang et al. 2007 ). RNAPII-transcribed miRNA promoters are generally similar to known mRNA-encoding promoters. About 64% of miRNA promoters have a CpG island within 500 bp. More precisely, 85% of miRNA promoters corresponding to previously annotated genes have a CpG island, while 51% of novel promoters contain a CpG island. Allowing for 50-bp ambiguity, 25 (19%) of miRNA promoters contain a TATA element, 21% have a TFIIB recognition element (BRE), 64 (47%) have an initiator (Inr), 10 (7%) have a motif 10 element (MTE), 119 (87%) have a downstream promoter element (DPE), and none has a proximal sequence element (PSE).
In comparison, ∼56% of human coding genes have CpG islands. A global search for core elements in promoters from the DBTSS database showed that 22%, 26%, 48%, and 24% of human promoters have TATA, BRE, Inr, and DPE elements, respectively (Gershenzon and Ioshikhes 2005) . Therefore, our discovered promoters of miRNAs are similar to those of coding genes in terms of general sequence characteristics. The discrepancy for DPE likely arises from the fact that DPE is a common degenerate 5-mer.
Conservation and GC content increase toward the miRNA promoters ( Fig. 1B,C ; Supplemental Fig. S1 ), consistent with mRNA-encoding promoters (Ozsolak et al. 2007 ). Alignment of H3K4me3 and H3K9/14Ac ChIP-chip signals with respect to the identified miRNA transcription initiation regions shows maximum enrichment downstream from the start sites, with a characteristic dip at the putative TSS (Fig. 1D ), a pattern similar to known genes (Guenther et al. 2007; Koch et al. 2007 ). The histone modification patterns are indistinguishable between novel miRNA and known coding gene promoters (Supplemental Fig. S2 ) and are also independent of core promoter elements and CpG islands. RNAPIII's role in miRNA transcription is discussed below.
Verification of miRNA promoter locations
To test the accuracy of our approach, we first compared our findings with known miRNA TSSs. The method correctly identified the transcription initiation regions for miR-146a and miR-146b (Taganov et al. 2006) in MALME and UACC62, but could not detect any candidate regions in MCF7, as these miRNAs are unexpressed in MCF7. We correctly identified the TSS for miR-155 (Eis et al. 2005) in MALME where it is expressed, but not in UACC62 and MCF7 where it is unexpressed. We could not identify the TSSs for miR-127 (Saito et al. 2006 ) (miR-127 was unexpressed in the cell lines studied) and miR-34a (Chang et al. 2007 ) (while miR-34a was expressed in all three lines, its TSS is 30 kb upstream of the mature miR-34a, outside the regions examined). We detected the known TSS of miR-21 in HeLa cells (Cai et al. 2004 ) and also found a novel transcription initiation region in UACC62, as discussed below. Thus, TSSs for all four expressed, previously annotated miRNAs were correctly identified by this approach.
In addition, we experimentally validated six miRNA (miR-17, miR-21, miR-181c/miR-181d cluster, miR-148a, miR-193b/miR-365-1 cluster, and miR-505) transcription initiation regions with RT-PCR and promoter cloning ( Fig.  2 ; Supplemental Fig. S3 ). miR-17 and miR-21 were chosen because they provide examples of intronic promoters and because of their importance in cancer; the remaining miRNAs were chosen randomly. We first used primers designed to the regions near mature miRNAs for the RT step. We then performed PCR with primer pairs designed to amplify multiple regions between mature miRNAs and the identified promoters as well as regions immediately upstream of the promoters. We detected RNA transcripts extending to the identified transcription initiation regions but not further upstream. Although the initiation regions were reproducible across the cell lines (Siepel et al. 2005 ) (C) are shown at miRNA promoters. The high GC content and evolutionary conservation near transcription initiation regions are similar to the characteristic features found in coding genes (Ozsolak et al. 2007 ). (D) Composite H3K4me3 and H3K9/14Ac profiles at novel miRNA TSS regions. The X-axis represents the distance relative to the transcription initiation region, the Y-axis the average H3K4me3 or H3K9/14Ac ChIP-chip signal of all miRNA promoters at the indicated x-value. The concentrated H3K4me3 and H3K9/14Ac modifications around transcription initiation regions are similar to the patterns observed for coding gene TSSs (Heintzman et al. 2007 ).
examined here, the approach was also able to identify cell type-specific differences, where they exist, as described below for miR-21. The following section describes Figure 2 and the regulation of miR-17 and miR-21 in detail.
Six additional transcription initiation regions (miR-205, miR-191, miR-425, miR-423, let-7i, and miR-22) were validated based upon their prior identification in mouse (Fukao et al. 2007 ). Fukao et al. (2007) found candidate TSSs of 29 miRNAs in mouse by aligning a collection of cDNA sequences from multiple tissues with fulllength pre-miRNA sequences. From those 29, 23 had human homologs, and we discovered the transcription initiation regions of 10 homologous miRNAs (miR-205, miR-191, miR-425, miR-423, let-7i, miR-22, miR-339, miR-100, let-7d, and miR-21) in humans. Except for miR-339, we were able to align the TSS regions from human to mouse using the UCSC Batch Coordinate Conversion tool with a minimum of 50% match, and six (miR-205, miR-191, miR-425, miR-423, let-7i, and miR-22) of the mapped TSS regions agreed well with the TSSs found in mouse within 224 ± 182 bp, compared with 569 ± 1182 bp for 500-bp upstream promoter regions of human RefSeq genes aligned to corresponding homologous mouse RefSeq promoters using the UCSC Batch Coordinate Conversion tool with a minimum of 50% match. We could not align the promoter of hsa-miR-339 to the mouse because the flanking regions of hsa-miR-339 were deleted in the mouse. We examined the differences in the three remaining pri-miRNAs (miR-100, let-7d, and miR-21). While we found a promoter region 7 kb upstream of hsa-miR-100, the TSS of an mRNA 130 kb upstream of mmu-miR-100 was found in the mouse. Likewise, while we found an independent intronic tran- (B,C) To identify regions with promoter function, several segments shown in A were cloned upstream of a luciferase reporter. miR-21-Region-1,2,3,4 and miR-21-control pGL3-basic luciferase reporter constructs (A) (Supplemental Table S6 ) were transfected into UACC62 (B) and HeLa (C). While miR-21-Region-1 and Region-2 (corresponding to the novel promoter we identified) exhibited promoter activity in both cell lines, we detected weaker activity above negative control levels from region-3 and region-4 (corresponding to the published promoter position) in HeLa, but not in UACC62. Region-4 contained the novel transcription initiation region but not the upstream conserved TF-binding sites. The Y-axis shows the firefly luciferase activity normalized to the control renilla for each sample. (D) RT-PCR was performed using primers designed for the 3Ј end of pri-miR-21 construct (Cai et al. 2004) for the RT step. PCR was performed with primer pairs in A (Supplemental Table S7 ). (E,F) miR-17-cluster genomic regions surrounding the novel (E, red arrow pointing toward right) and host TSSs (Supplemental Table S6 ) were cloned upstream of luciferase reporter and transfected into UACC62. Unlike negative control constructs (region-3 and region-4), Region-1, Region-2, and host exhibited luciferase activity (F). Mutation of c-Myc site (E, blue down arrow) in miR-17-Region-2 construct (miR-17-Region-2-mutated) resulted in an approximately threefold decrease in luciferase activity relative to the wild-type construct. Data presented are mean ± SEM from three independent experiments. scription initiation region for hsa-miR-21, 3 kb away from mature miR-21, Fukao et al. (2007) found the TSS of the host gene that is almost 100 kb upstream. For hsalet-7d, we found one long pri-miRNA that encodes hsalet-7f-1, hsa-let-7d, and hsa-let-7a-1, while a transcript that encodes only mmu-let-7d was found in the mouse. Our transcription initiation region actually corresponds to the TSS of another mouse transcript (AK042687) that encodes all three miRNAs, suggesting that the TSS found by Fukao et al. (2007) may be specific to the mouse and that the transcription initiation region identified here may be utilized in both human and mouse (see Supplemental Fig. S4 for a picture of the genomic locus containing mmu-let-7d).
In summary, we reproduced four previously known miRNA transcription initiation regions and validated six additional intronic and intergenic miRNA promoters experimentally. No false positive predictions were thus found in biochemical validations of 10/10 miRNA promoters. Furthermore, we observed that six additional miRNA transcription initiation regions map to the correct candidate TSSs found in the mouse (Fukao et al. 2007 ).
Further validation of novel promoters of miRNAs
To further demonstrate the ability of our chromatinbased method to discover novel miRNA promoters, we studied miR-21 and miR-17 in detail. The pri-miR-21 transcript was originally cloned from HeLa cells (Cai et al. 2004) . The published TSS is in a RNAPII-, H3K4me3-, and H3K9/14Ac-positive region ( Fig. 2A) . However, based on our data, a nucleosome-depleted region ∼617 bp upstream of the published position was the candidate miR-21 transcription initiation region in UACC62 melanoma cells. To investigate this discrepancy, we cloned constructs covering the two potential TSSs upstream of a luciferase reporter. We detected significant luciferase activity in UACC62 cells from the ∼617-bp upstream region, but not from the previously annotated position (Fig. 2B) . In HeLa, luciferase activity was strongest in the upstream region, and the previous TSS also had a detectable but much weaker activity (Fig.  2C) . Furthermore, we performed RT-PCR in UACC62 and HeLa cells using primers designed to the 3Ј end of the pri-miR-21 transcript for the RT step and PCR primer pairs indicated in Figure 2A . We detected RNA products upstream of the published position, but not upstream of the novel promoter region (Fig. 2D) , suggesting that the pri-miR-21 transcript may extend upstream of the published TSS in UACC62 and HeLa (Cai et al. 2004) . Our novel promoter region had STAT3-binding activities (Loffler et al. 2007 ) and CREB-binding activities (data not shown) within 300 bp upstream and also had several other computationally predicted conserved TF-binding sites in the proximal promoter. On the other hand, there were no conserved TF-binding sites between the two TSSs. It could thus be that TF-binding activities favor our novel transcription initiation region, while a HeLa-specific TF may also promote the downstream TSS at a lower level in HeLa.
The intronic miR-17-cluster is a potential "oncomiR" (Cho 2007 ) regulated by c-Myc binding to the first intron of its host (He et al. 2005; O'Donnell et al. 2005) . Previous attempts to map the miR-17 TSS were unsuccessful due to the high GC content of upstream regions (Woods et al. 2007 ). Our analysis suggested that the miR-17 TSS is ∼2 kb downstream from the host TSS in the three cell lines we studied (Fig. 2E) . Luciferase assays showed that both the host and novel transcription initiation regions have promoter activities in UACC62 (Fig. 2F) . After confirming c-Myc binding to the published position in UACC62 and MALME (data not shown), we generated reporter constructs including the c-Myc-binding site (wild-type CATGTG or mutated to CATATA) and the novel initiation region. Mutation of the c-Myc site caused luciferase expression to decrease approximately threefold (Fig. 2F) . Down-regulation of c-Myc levels by siRNA caused the novel promoter activity to decrease approximately twofold (Supplemental Fig. S5 ). The miR-17-cluster may thus be encoded by transcripts emanating from both TSSs, and c-Myc regulation of the miR-17 cluster may take place through the intronic promoter.
Predicting TFs that regulate miRNAs: MITF-targeted miRNAs
The ultimate utility of knowing miRNA promoters is in studying the regulation of miRNA expression. Because regulatory proteins preferentially bind nucleosome-free linker DNA (Yuan et al. 2005; Ozsolak et al. 2007 ), nucleosome occupancy information surrounding the miRNA transcription initiation regions can be used to discover TFs regulating miRNA expression. To demonstrate the power of this approach, we screened the miRNA promoters for E-box elements recognized by MITF, a melanoma oncogene and master transcriptional regulator of melanocyte development (Du et al. 2004 ). Seventy-three potential binding sites were identified within 1 kb upstream of and 250 bp downstream from 175 miRNA transcription initiation regions. Of these, 50 (68%) were conserved and 19 (26%) showed both conservation and nucleosome depletion (Supplemental Material). Using ChIP, we observed no binding by MITF to 10 randomly chosen nucleosome-occupied E-boxes (out of 54) (data not shown). In contrast, 10 (corresponding to nine miRNAs) of the 19 nucleosome-free E-boxes were occupied by MITF (Table 1) .
Since the E-box elements may be occupied by TFs other than MITF, we examined published c-Myc ChIP-chip data and found c-Myc to occupy two of the nine non-MITF-bound promoters, including the miR-17 cluster (Fig. 2E) . miR-146a (Fig. 3A-C) , miR-221/222 (Supplemental Fig. S6 ) and miR-363 (Supplemental Fig. S7 ) levels increased in response to MITF overexpression, and decreased in response to MITF down-regulation. Other MITF-targeted miRNAs were also seen to correlate with MITF expression and to be specific to melanoma (Supplemental Material).
Many of the known or predicted target genes of MITFtargeted miRNAs identified here, such as c-kit (Felli et al. 2005 ) and p27 (le Sage et al. 2007 ) by miR-221/222, mcl1 (Mott et al. 2007 ) by mir-29b and mir-125b, have well-defined roles in pigmentation and survival of melanocytes, potentially linking MITF's pigmentation/survival roles to miRNA function. This approach can thus rapidly identify TFs likely to modulate target gene expression through identification of their binding motifs within nucleosome-depleted regions.
Evolution of intronic miRNAs and their promoters
The high-throughput identification of miRNA promoter elements also sheds light on evolution of miRNA transcription mechanisms. Our study revealed that the mean distance between host TSSs and intronic miRNAs utilizing the host TSSs was 7.9 kb ± 6.2 kb, while the mean distance between other intronic and intergenic miRNAs and their independent TSSs was 5.3 kb ± 4.9 kb, significantly shorter than the former (P-value = 1.9 × 10 −2 , twosided Wicoxon Rank Sum Test). Intronic miRNAs with independent transcription initiation regions had the shortest TSS-to-miRNA distance with mean 4.2 kb ± 3.5 kb; at the same time, these miRNAs were located quite significantly farther (median 57 kb) from their host gene TSSs than the intronic miRNAs utilizing host gene TSSs (P-value = 5.1 × 10 −7
, two-sided Wilcoxon Rank Sum Test) (Fig. 4A,B) . These results suggest that certain intronic miRNAs located far away from their host TSSs may have evolved to adopt nearby independent novel TSSs in order to make the transcription of pri-miRNA faster and more efficient.
We found further differences between the promoters of conserved and nonconserved intronic miRNAs. In particular, intronic miRNAs with their own promoters were more evolutionarily conserved than other intronic miRNAs. To analyze nonconserved miRNAs, we considered a set of 31 intronic miRNAs (1) that have no known homolog in the mouse and (2) <95% of whose pre-miRNAs can be aligned to the mouse genome by using BLAT (Kent 2002) . Only six (19%) out of the 31 nonconserved intronic miRNA clusters had their own promoters independent of their host (Supplemental Table S9 ). On the other hand, out of 43 conserved intronic miRNA clusters with homologues in mouse, 17 (40%) had their own promoters (Supplemental Table S9 ), a significantly higher proportion compared with nonconserved miRNAs (P-value = 0.05, Fisher's Exact Test). These observations thus suggest that the "old" intronic miRNAs are more likely to have independent promoters than the relatively recent intronic miRNAs, supporting the hypothesis that as intronic miRNAs arose, they first utilized the host TSSs and may have acquired functional independent promoters later through evolution. of an E-box-containing nucleosome-depleted region upstream of miR-146a transcription initiation region (red right-pointing arrow) was shown by ChIP (Supplemental Material) in MALME and UACC62. (B,C) Both pri-miR-146a (B) and mature miR-146a (C) expression levels are increased and decreased by MITF overexpression and down-regulation, respectively, using adenoviruses expressing wild-type (wt) and naturally occurring dominant-negative (dn) MITF (Du et al. 2004) and siRNA against MITF in UACC62. Data presented are mean ± SEM from three independent experiments. 
RNAPIII contribution to miRNA transcription
A miRNA cluster was previously found to be transcribed by RNAPIII (Borchert et al. 2006) . To find additional RNAPIII-transcribed miRNAs, we performed ChIP-chip for RPC53 (RNAPIII subunit with no paralogs in RNAPI and RNAPII) (Schramm and Hernandez 2002) . We identified 11 RPC53-occupied miRNA promoters, which exhibited RNAPIII promoter elements such as A and B boxes (Supplemental Material). As an independent test, we examined ␣-amanitin sensitivity of several of these miRNAs. ␣-Amanitin inhibits RNAPII selectively by blocking its translocation along the DNA (Bushnell et al. 2002; Gong et al. 2004 ), except at high doses where it inhibits both RNAPII and RNAPIII (Lindell et al. 1970) . Two RNAPII-occupied miRNAs (miR-146a and let-7d cluster) showed ␣-amanitin sensitivity at all doses tested ( Fig. 5A; Supplemental Fig. S8A ). In contrast, the RNAPIII-occupied miRNAs miR-565 (Fig. 5B,C) and mir128b (Supplemental Fig. S8B ) were resistant except at high doses. Eight miRNA promoters exhibited both RNAPII and RNAPIII occupancy. Their ␣-amanitin sensitivity resembled that of RNAPII-transcribed miRNAs (such as mir-148a in Fig. 5D ). We also observed RPC39 and/or RPC62 (two other RNAPIII-specific subunits) localization to these nine promoters (data not shown),
suggesting that these are indeed RNAPII-and RNAPIIIoccupied, rather than potentially arising through antibody cross-reactivity.
Distinct chromatin organization surrounding mature miRNA-encoding DNA sequences and transcription end sites
Nucleosomes modulate the accessibility of underlying sequences to regulatory proteins (Anderson and Widom 2000) . For instance, TSSs of active genes and TF-binding sites tend to be nucleosome-depleted (Mito et al. 2005; Yuan et al. 2005; Ozsolak et al. 2007) . We found that the 3Ј ends of genes in humans are also nucleosome-depleted (Fig. 6A) . We observed the same trend in yeast (Yuan et al. 2005) , although the nucleosome-free nadir was located ∼150 nucleotides 3Ј of the translation end site (Fig.  6B) . To examine the biological significance of this finding, we analyzed the whole-genome RNAPII ChIP-chip ), indicating that intronic miRNAs that have acquired independent promoters for faster transcription are likely located far from host gene TSSs. data in MCF7 (Carroll et al. 2006) . We observed that the RNAPII (Carroll et al. 2006 ) occupancy was indeed significantly high downstream from the 3Ј ends of genes (Supplemental Figure S9A) , suggesting that antisense transcription at the 3Ј ends of genes (Kampa et al. 2004; Kapranov et al. 2005) and RNAPII stalling before termination may cause this pattern. While our manuscript was under review, a study reported a similar pattern at the 3Ј ends of yeast genes (Mavrich et al. 2008) . In that study, Mavrich et al. (2008) found antisense transcripts initiating at the 3Ј ends of genes and DNA loops connecting the 5Ј and 3Ј ends of genes, thus linking the pattern with active transcription. However, we observed nucleosome depletion at the 3Ј ends of genes that do not exhibit transcriptional activity (we defined a gene as transcriptionally silent if the gene was unexpressed based on expression profiling and there was no RNAPII binding within the gene and immediate upstream and downstream regions) (Fig. 6C ). This suggests additional factors beyond RNAPII pausing and antisense transcription for the observed depletion. For instance, sequence characteristics (such as polyadenylation signaling motifs) of these regions may inherently disfavor nucleosome occupancy.
Finally, we observed that the pre-miRNA genomic regions are preferentially occupied by nucleosomes in the three cell lines we studied and CD4 + T cells ( Fig. 6D; Supplemental Fig. S9B,C) . The observed pattern is independent of the miRNA expression status. The premiRNA regions have higher GC content compared with surrounding regions, thus favoring nucleosome formation (Peckham et al. 2007 ), but exhibit only very weak periodic dinucleotides (Supplemental Material). While the cause and functional significance are not immediately clear, such nucleosome positioning may protect miRNA sequences from external mutagenic pressures or potentially serve as a signal for RNA processing factors.
Discussion
miRNAs play increasingly well understood roles in numerous settings, including normal development and disease pathology (Ambros 2004; Bartel 2004; AlvarezGarcia and Miska 2005) . While mechanisms underlying their post-transcriptional processing and gene silencing effects are yielding important insights, considerably less is known about the pathways governing control of miRNA expression at the transcriptional level. As described here, a high-throughput genomics-based strategy has been applied, first at identification of nucleosomedepleted regions containing TSSs. Then, using high-resolution nucleosome positioning information coupled to ChIP studies, candidate transcriptional regulators could be identified and rapidly tested. The example of MITF (Yuan et al. 2005 ) (B) were aligned, and average probe signals were calculated. (C) We analyzed the nucleosome positioning maps generated by another group for human CD4 + T cells (Schones et al. 2008 ) and observed a similar nucleosome depletion at the 3Ј ends of transcriptionally active and inactive human genes, further validating our findings. Transcriptionally active genes have less nucleosome occupancy, which may be simply due to nucleosome remodeling/eviction during transcription. (D) Nucleosome positioning signals surrounding all pre-miRNAs were aligned at pre-miRNA centers, and average probe signals were calculated. Preferential occupancy of positioned nucleosomes in pre-miRNA regions (Supplemental Fig. S9C ) was observed.
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was employed here. MITF is a Myc-related basic helixloop-helix-leucine-zipper family TF whose loss of function results in melanocyte absence (Steingrimsson et al. 2005) , and whose oncogenic gene amplification occurs in 10%-20% of human melanomas (Garraway et al. 2005) . Among its known transcriptional targets are most (if not all) of the major components of the melanin biosynthesis and processing machinery in melanocytes (Steingrimsson et al. 2004) . The identification of candidate MITF-targeted miRNAs through this high-throughput approach significantly broadens the repertoire of biological effects attributable to the TF-a repertoire that can straightforwardly be applied to other TFs as well, with the availability of promoter annotation of miRNAs and functional nucleosome-depleted regions in miRNA promoters. As many of our annotated miRNAs are oncomiRs (e.g., miR-17 and miR-21) or known to play crucial roles in hematopoietic differentiation, lymphoma (miR-10a, miR-155, miR-16, miR-146 , and miR-221/222) (Georgantas et al. 2007) , and epithelial mesenchymal transition (mir-200 family and miR-205) (Gregory et al. 2008) , the ability to identify transcriptional regulators of these miRNAs may provide a useful resource for study of both development and disease pathogenesis. The method employed here revealed a significant fraction of miRNAs that use their own (novel) transcription initiation regions, including both miRNAs located at intergenic regions and others that are embedded within introns of known coding genes. An additional fraction of intron-embedded miRNAs appear to share TSS use with their host gene, suggesting that alternative post-transcriptional processing plays a key role in determining the fate of each primary transcript. Our study showed that not only are the intronic miRNAs with their own TSSs significantly far from their host TSSs, but they are also more evolutionarily conserved than intronic miRNAs using host TSSs. Our analysis also suggests that while many of the pri-miRNAs are well conserved between human and mouse, there exist important exceptions where novel TSSs-e.g., miR-339-were acquired independently through chromosomal rearrangements or insertions.
It has been shown that certain exons exhibit conserved promoter activities, especially in tissue-specific genes (Carninci et al. 2006) . In this work, we found eight intronic miRNA clusters that had independent promoters located in exons, and we thus showed a novel role of exonic promoters for transcribing noncoding RNAs. Carninci et al. (2006) have also observed several bidirectional promoters near CpG islands. Likewise, we found that eight out of 10 miRNAs in divergent bidirectional promoters had a CpG island; e.g., the RNAPIIItranscribed miR-565.
Importantly, the current study has focused on only a limited set of cell types, and possibilities of alternative TSS usage remain possible and indeed are suggested by our findings for miR-21. Given the existence of variable TSS usage as well as alternative TF regulation of specific miRNAs, the use of a high-throughput approach for miRNA proximal promoter annotation (as described here) may significantly facilitate such studies in numerous cell systems, both in normal development and disease. While this approach can only detect transcriptionally active TSS regions in a given cell type and only in nonrepeat regions of the genome that can be represented on microarrays, the use of multiple cell types and emerging technologies such as high-throughput sequencing (Barski et al. 2007; Mikkelsen et al. 2007 ) may alleviate these limitations.
Several striking molecular features of miRNA gene structure or regulation were observed in the combined nucleosome positioning and ChIP-chip studies reported here. The identification of RNAPIII at multiple miRNA genes suggests a role for this polymerase in addition to RNAPII in miRNA transcription, a finding consistent with earlier reports (Borchert et al. 2006) . It remains to be determined whether RNAPII versus RNAPIII occupancy is associated with significant differences in miRNA expression, either in magnitude or regulatory mechanism. A recent study by Listerman et al. (2007) shows that, while U6 snRNA is synthesized by RNAPIII, it is ␣-amanitin-sensitive. RNAPII is also recruited to U6 snRNA genes and functions to enhance RNAPIII transcription of U6 genes, possibly by facilitating an open chromatin formation for transcription. Although further experiments are needed to determine the precise contributions of RNAPII and RNAPIII to the transcription of the RNAPIII-targeted miRNAs reported here, it is conceivable that similar mechanisms are in place, and both RNAPs cooperate to transcribe these miRNAs. This approach might not detect RNAPIII occupancy in certain repeat-regions transcribed by RNAPIII (e.g., Alu) but masked from the microarray design.
It was also observed that the body of mature miRNA genomic coding regions was strikingly nucleosome-occupied. The functional meaning of this nucleosome patterning is not clear as yet. It could reflect a secondary effect of (as yet) unidentified epigenetic alterations at these genomic locations, and may serve to "mark" miRNA regions for binding by factors that participate in pre-miRNA processing. The pattern of nucleosome occupancy over the miRNA "coding" regions and 3Ј ends of known genes observed in this study, as well as previous observations that transcriptionally active TSSs are nucleosome-depleted (Mito et al. 2005; Yuan et al. 2005; Ozsolak et al. 2007 ) suggest an important interface between chromatin structure and regulation of chromatin function.
Materials and methods
Cell culture and media MALME and UACC62 were maintained in RPMI with 10% FBS. MCF7 and HeLa were cultured in DMEM with 10% FBS. MALME, HeLa, and UACC62 were obtained from NCI and MCF7 from Myles Brown (Dana-Farber Cancer Institute).
ChIP and ChIP-chip
ChIP and DNA purification of samples were performed as described previously (Ozsolak et al. 2007 ). The antibodies used were ␣-H3K4me3 (Upstate Biotechnologies, 07-473), ␣-H3K9/ 14Ac (Upstate Biotechnologies, 06-599), ␣-RNAPII (Abcam, ab5408), MITF (C5), c-MYC (Santa Cruz Biotechnologies, sc-764), and CREB (Upstate Biotechnologies, 06-863). RNAPIII antibodies for RPC53, RPC39, and RPC62 was provided by Robert G. Roeder and have been used previously for ChIP (Borchert et al. 2006) . The MITF-binding regions in close proximity to the identified miRNA promoter regions were determined by ChIP (Du et al. 2004; Ozsolak et al. 2007) , followed by qPCR analysis using iCycler and SYBR Green iQ SuperMix (Bio-Rad) as described (Heintzman et al. 2007 ). For ChIP-chip analyses, LM-PCR amplification of samples was performed as described (Ozsolak et al. 2007) . Sample labeling and hybridization to synthesized microarrays were performed by Roche NimbleGen, Inc., using standard procedures.
Global nucleosome positioning analysis
Experimental mononucleosome fragments and control DNA samples were obtained under native conditions by partial micrococcal nuclease digestions as described (Ozsolak et al. 2007 ). Sample labeling, microarray synthesis and hybridization were performed by Roche NimbleGen, Inc., using standard procedures for nucleosome DNA.
miRNA expression analysis
Expression profiles of miRNAs (mirBase version 9.0) in MALME, UACC62, and MCF7 cell lines were performed by LCSciences. Expression data for three cell lines on Affymetrix HGU133 Plus 2.0 arrays were obtained from prior publications (Carroll et al. 2006; Ozsolak et al. 2007 ) and analyzed as described (Ozsolak et al. 2007 ). Mature miRNA expression levels were quantified by TaqMan MicroRNA Assays (Applied Biosystems).
Adenovirus infection and RNA precipitation
Cells were infected with adenoviruses to express wild-type MITF, dominant-negative MITF and poly-P control proteins as described (Du et al. 2004) . RNA was isolated with mirVana miRNA isolation kit (Ambion) 48 and 72 h after infections.
siRNA transfections
UACC62 cells were transfected with siRNAs against MITF and c-Myc and negative control siRNA (Dharmacon) with Lipofectamine 2000 (Invitrogen) reagent following the manufacturers' standard protocols. RNA was isolated with the mirVana miRNA isolation kit (Ambion) at 72 and 96 h after transfection.
Cloning
We cloned candidate promoter elements from normal human genomic DNA (BD Biosciences Clontech) using Pfu Polymerase (Stratagene) or with the GC-RICH PCR System (Roche Applied Science) when the GC content of the cloned fragment was high. Primers (synthesized by Operon) were designed with appropriate extensions for cloning into digested pGL3 basic (Promega) plasmid not containing an internal promoter element. Generally, the regions between ∼100 bp downstream from an identified promoter element and 700 bp upstream were cloned. Where indicated, longer fragments were cloned. All clones were sequenced for verification.
Site-directed mutagenesis of the c-Myc-binding site in mir-17 cluster promoter regions was performed using the QuickChange method (Stratagene) according to the supplier's recommendations. Mutagenesis primers were designed as follows: P1, CCCCTTGTGCGACATATACTGCCGGCCCGG; and P2, CC GGGCCGGCAGTATATGTCGCACAAGGGG.
Luciferase reporter assays
Cells were transfected with 200 ng pGL3-basic vector carrying the identified promoter elements and negative and positive control regions and 1 ng pRL-CMV (Promega) in 24-well format using Lipofectamine 2000 (Invitrogen) reagent following the manufacturer's recommendations. The cells were assayed with the Dual Luciferase kit (Promega). All measurements were done in triplicate and signals were normalized for transfection efficiency to the internal Renilla control.
Raw data
The nucleosome microarray data are available from Gene Expression Omnibus under accession number GSE9029, http:// www.ncbi.nlm.nih.gov/geo.
